ABBREVIATIONS AD = axial diffusivity; DKI = diffusion kurtosis imaging; DTI = diffusion tensor imaging; FA = fractional anisotropy; MAP = mean arterial pressure; MCA = middle cerebral artery; MK = mean kurtosis; MMD = moyamoya disease; MNI = Montreal Neurological Institute; MPRAGE = magnetization-prepared rapid gradient-echo; rCBF = regional cerebral blood flow; RD = radial diffusivity; RK = radial kurtosis; ROI = region of interest; SPM8 = Statistical Parametric Mapping version 8; STA = superficial temporal artery; TND = transient neurological deterioration. OBJECTIVE After revascularization surgery, hyperperfusion and ischemia are associated with morbidity and mortality in adult moyamoya disease (MMD). However, structural changes within the brain following revascularization surgery, especially in the early postsurgical period, have not been thoroughly studied. Such knowledge may enable improved monitoring and clinical management of hyperperfusion and ischemia in MMD. Thus, the objective of this study was to investigate the topographic and temporal profiles of cerebral perfusion and related white matter microstructural changes following revascularization surgery in adult MMD. METHODS The authors analyzed 20 consecutive surgeries performed in 17 adults. Diffusion imaging in parallel with serial measurements of regional cerebral blood flow (rCBF) using SPECT was performed. Both voxel-based and regionof-interest analyses were performed, comparing neuroimaging parameters of postoperative hemispheres with those of preoperative hemispheres at 4 different time points within 2 weeks after surgery. RESULTS Voxel-based analysis showed a distinct topographic pattern of cerebral perfusion, characterized by increased rCBF in the basal ganglia for the first several days and gradually increased rCBF in the lateral prefrontal cortex over 1 week (p < 0.001). Decreased rCBF was also observed in the lateral prefrontal cortex, occipital lobe, and cerebellum contralateral to the surgical hemisphere (p < 0.001). Reduced fractional anisotropy (FA) and axial diffusivity (AD), as well as increased radial diffusivity (RD), were demonstrated in both the anterior and posterior limbs of the internal capsule (p < 0.001). Diffusion parameters demonstrated the greatest changes in both FA and RD on Days 1-2 and in AD on Days 3-6; FA, RD, and AD recovered to preoperative levels on Day 14. Patients with transient neurological deteriorations (TNDs), as compared with those without, demonstrated greater increases in rCBF in both the lateral prefrontal cortex and striatum as well as smaller FAs in the posterior limb of the internal capsule (p < 0.05). CONCLUSIONS The excessively increased rCBF and the recovery process were heterogeneous across brain regions, demonstrating a distinct topographic pattern during the initial 2 weeks following revascularization surgery in MMD. Temporary impairments in the deep white matter tract and immediate postoperative ischemia were also identified. The study results characterized postoperative brain perfusion as well as the impact of revascularization surgery on the brain microstructure. Notably, rCBF and white matter changes correlated to TNDs, suggesting that these changes represent potential neuroimaging markers for tracking tissue structural changes associated with hyperperfusion during the acute postoperative period following revascularization surgery for MMD.
M oyaMoya disease (MMD) is characterized by the compensatory development of enlarged and weak basal perforating arteries (moyamoya vessels) in response to bilateral occlusive changes in the internal carotid system. 23 Although revascularization surgery improves chronic ischemia in MMD several months after the surgery, 14 cerebral hemodynamics may be unstable for the first several weeks. 26 Hyperperfusion and ischemia are closely associated with poor prognoses after revascularization surgery. 8, 9, 19 However, the temporal profile of regional cerebral blood flow (rCBF) alterations has not been sufficiently investigated in detail during the initial 2 weeks after surgery. 2, 8, 12, 35 Identifying characteristics of the processes and effects of hyperperfusion and ischemia after surgery, especially in the early postsurgical period, will allow for improved monitoring and treatment of these conditions.
While revascularization surgery in MMD potentially improves cognitive performance, brain damage due to postoperative hyperperfusion can impair cognitive function or restrict improvement. 32 Previous investigation revealed impaired white matter integrity in the hemisphere exposed to hyperperfusion after carotid endarterectomy. 28 In revascularization surgery for MMD, gray matter lesions are transiently found on conventional MRI. 13, 16 Subcortical edema has also been reported, although it is not frequently found in the majority of adult patients. 33 Whether the revascularization procedure in MMD induces covert structural changes remains unclear. In MMD, both diffusion tensor imaging (DTI) and diffusion kurtosis imaging (DKI) have provided in vivo measurements of microstructural changes in white matter that appeared normal on conventional MRI. 20, 21 Thus, it is speculated that diffusion MRI may be sensitive to subtle microstructural changes following revascularization surgery in MMD.
Voxel-based statistical analysis allows comparisons of neuroimaging parameters across different subjects as well as different conditions. 25 The main objectives of the present study were to investigate the changes in rCBF in parallel with white matter integrity through voxel-based analysis. We also investigated whether rCBF in the early phase was associated with hyperperfusion and postoperative neurological symptoms. The management of systemic blood pressure is controversial because of coexisting chronic ischemia. 9, 26 Accordingly, the association between systemic blood pressure and postoperative rCBF alterations was also explored.
Methods

Participants
This prospective study was approved by the Research Ethics Committee of Hokkaido University Hospital. Written informed consent was obtained from all participants. Twenty consecutive revascularization surgeries were performed in 17 patients, 5 men and 12 women, with a mean age of 37.1 ± 10.6 years (range 19-50 years). The study period was January 2013 through December 2015. Study inclusion criteria were a clinical diagnosis of idiopathic MMD (according to the consensus criteria and guidelines for MMD proposed by the Research Committee on Spontaneous Occlusion of the Circle of Willis) and an age > 18 years.
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Surgical Procedure and Perioperative Management
The surgical procedure consisted of double superficial temporal artery-middle cerebral artery (STA-MCA) anastomosis. In this procedure, after a large frontotemporal craniotomy, the dura mater is opened while preserving the middle meningeal artery. Both the parietal and frontal branches of the STA are anastomosed to the cortical branch of the MCA. Direct anastomosis is generally performed in the prefrontal region as well as on the superior temporal gyrus. The dural flap is inverted and placed on the surface of the brain to increase collateral formation. The temporal muscle is then placed on the surface of the brain, completing encephaloduroarteriosynangiosis. 17, 22 Antiplatelet administration in patients with ischemic onset (transient ischemic attack or cerebral infarction) was discontinued at least 1 week prior to the surgery. Every patient received 60 mg of edaravone, a free oxygen radical scavenger, with 100 ml of normal saline (Tanabe Mitsubishi Pharma Co.) at the beginning of the surgery. The edaravone (30 mg) was administered twice daily for 7 postsurgical days. Continuous elevated systolic blood pressure above 140 mm Hg was treated with diltiazem hydrochloride administered intravenously by continuous infusion.
Study Protocol and Image Acquisition
The patients serially underwent both SPECT and MRI studies. Regional CBF was measured using ; number of diffusion gradient directions 32; slice thickness 3 mm; interslice gap 0 mm; number of slices 43; and number of excitations 1. The 3D MPRAGE was performed with TR 6.8 msec, TE 3.1 msec, flip angle 8°, and TI 1100 msec. The scan parameters for T2-weighted imaging were TR 4137 msec, TE 90 msec, and effective echo train length 15, and those for FLAIR imaging were TR 10000 msec, TR 100 msec, and TI 2700 msec. Axial fast spin echo T2-weighted and FLAIR images were used to diagnose cortical gray matter swelling. 13 
Postprocessing Imaging Data
SPECT
The SPECT images were spatially normalized to the standard SPECT template in Statistical Parametric Mapping version 8 (SPM8; Wellcome Department of Cognitive Neurology, University College London, London, UK; http://www.fil.ion.ucl.ac.uk/spm/) and smoothed with a 14-mm full width at half maximum gaussian kernel.
MRI
Registration between the echo planar images (EPIs) with no diffusion weighting (b = 0 s/mm 2 ) and the corresponding DTI/DKI data as well as correction for eddy current distortion was performed at the MRI operator console. The diffusion imaging data were processed using MATLAB R2015a (MathWorks) and Diffusional Kurtosis Estimator (http://nitrc.org/projects/dke). 34 Seven DKI and DTI parameters were extracted from the Diffusion Kurtosis Estimator: mean kurtosis (MK), radial kurtosis (RK), axial kurtosis, fractional anisotropy (FA), mean diffusivity, radial diffusivity (RD), and axial diffusivity (AD).
Both voxel-based and region of interest (ROI)-based analyses were performed. First, each subject's 3D MPRAGE images were coregistered to the b = 0 EPIs using the FLIRT algorithm in FSL (http://fsl.fmrib.ox.ac.uk/ fsl/fslwiki/). The coregistered 3D MPRAGE images were normalized to the ICBM152 template by affine transformation, and the transformation matrices were applied to each diffusion parameter image in SPM8. Spatial smoothing was applied with a full width at half maximum of 6 mm.
Data Analysis
Both postoperative SPECT and diffusion MR images were divided into 5 categories: postoperative Day 0 (SPECT only), Days 1-2, Days 3-6, Days 7-8, and Days 11-14. Alterations in rCBF and diffusion parameters in the postoperative periods were compared voxel by voxel with each individual's corresponding preoperative images using the paired t-test model in SPM8. To explore the differences, statistical significance was set at p < 0.001 without correction for family-wise error. Clusters showing statistical significance and containing more than 50 voxels were considered as areas with significant changes. Images obtained in patients with left revascularization were flipped to the right side, and the hemisphere with revascularization was treated as the right hemisphere. Region of interest-based analysis was also performed to extract the rCBF, DKI, and DTI parameters from the images in the standardized space. After exploratory voxel-by-voxel analysis, ROIs were defined in areas with significant changes. Two ROIs were chosen in the SPECT analysis: one in the striatum and one in the lateral prefrontal cortex. Regions of interest were defined using a template available as an SPM plug-in. 24 To eliminate interscan variability, rCBF values were normalized to the CBF average over the whole brain. In diffusion MRI, ROIs were defined in the posterior limb of the internal capsule using the JHU white matter atlas available in FSL (http://fsl.fmrib.ox.ac. uk/fsl/fslwiki/). 38 To explore relationships within imaging parameters as well as with systemic blood pressure, the Pearson productmoment coefficient was applied to calculate the correlation coefficient. Patients were divided into 2 subgroups according to the presence or absence of transient neurological deteriorations (TNDs). Both the normalized rCBF and DKI/DTI parameters were compared between these 2 subgroups by using t-tests.
Results
Patient Characteristics
The patency of the direct bypass was confirmed in every hemisphere using MR angiography. Transient neurological deteriorations were observed in 6 revascularization surgeries, with aphasia in 2 patients with left-sided surgery, restlessness in 3 patients, and hemisensory disturbance in 2 patients. In 2 patients, postoperative intracerebral hemorrhage was observed. One patient demonstrated severe headache and subsequent hemorrhage on postoperative Day 4 and required evacuation of a hematoma in the right temporal lobe. The other patient demonstrated a right prefrontal subcortical hematoma on postoperative Day 1 but remained asymptomatic. Nine hemispheres demonstrated cortical swelling on T2 and FLAIR images. The TND was not associated with sex (comparisons represent with TND vs without TND; females/males: 5/1 vs 10/4), age (38.4 ± 10.5 vs 36.5 ± 11.0 years old), clinical presentation (hemorrhage/ischemia: 3/3 vs 6/7), conspicuous brain lesion (with/without: 2/4 vs 6/8), Suzuki grade (3.0 vs 2.9 [average calculated by converting Roman grades to Arabic grades]), or preoperative mean arterial pressure (MAP; 89.8 ± 9.9 vs 93.1 ± 17.6 mm Hg). Patients were free from apparent neurological deficits at the time of discharge. Table 1 shows the characteristics of the patients. Figure 1 shows SPECT overlap maps indicating rCBF. An area with increased rCBF was localized in the basal ganglia on Day 0 (p < 0.001). On Days 1-2, the area with increased rCBF extended to the basal ganglia, insula, and portions of the superior temporal and lateral frontal cortices (p < 0.001). Decreased rCBF was also observed in the lateral prefrontal region contralateral to the surgical hemisphere (p < 0.001). On Days 3-6, a significant rCBF increase was localized in a portion of the basal ganglia as well as in the medial frontal cortex (p < 0.001). On Days 7-8, an rCBF increase was observed in the lateral prefrontal cortex (p < 0.001). Decreased rCBF was also observed in the lateral prefrontal cortex, occipital lobe, and cerebellum contralateral to the operated hemisphere (p < 0.001). On Days 11-14, increased rCBF was localized in the insula (p < 0.001).
Topography and Temporal Profile of Cerebral Perfusion
Region of interest-based analysis revealed a temporal profile of rCBF in both the striatum and lateral prefrontal cortex. In the striatum, the rCBF increase was largest on Day 0 and normalized on Days 7-8. In the lateral prefrontal cortex, rCBF gradually increased over 7-8 postoperative days (Fig. 2) . Among 62 measurements, rCBF increases of more than 15% from baseline were observed in 8.5% in the lateral prefrontal cortex (range 11.0%-25.5%) and in 10.2% in the striatum (range 2.6%-19.9%; Fig. 3 )
Alterations of Brain Microstructure Measured With Diffusion MRI
The decrease in FA was more pronounced than in any other DTI/DKI parameter. Decreased FA was predominantly observed in the anterior and posterior limbs of the internal capsule and in the pyramidal tracts (p < 0.001; Fig.  4) . The posterior limb of the internal capsule also showed a decrease in MK and AD, as well as an increase in RD (p < 0.001). Temporal changes in FA and RD were not synchronized with those in AD, with the greatest changes in FA and RD on Days 1-2 and in AD on Days 3-6 (Fig. 5 ). There were no significant changes in DKI/DTI parameters in the cortical gray matter.
Correlations Between TNDs and rCBF or Diffusion Parameters
Preoperative rCBF was significantly higher in the lateral prefrontal cortex of patients with TNDs than of patients without TNDs (p < 0.05). The highest postoperative rCBF in the striatum of patients with TNDs was significantly greater (1.28 ± 0.05) than that in patients without TNDs (1.22 ± 0.05; p < 0.05). The highest postoperative rCBF in the lateral prefrontal cortex of patients with TNDs was also significantly greater (1.11 ± 0.03) than that of patients without TNDs (1.07 ± 0.05; p < 0.05). The lowest postoperative FA of patients with TNDs (0.36 ± 0.08) was significantly smaller than that of patients without TNDs (0.44 ± 0.05; p < 0.01). The lowest postoperative AD and RK were also significantly smaller in patients with TNDs than in patients without TNDs (p < 0.05). Table 2 summarizes the results of t-tests performed on the neuroimaging parameters.
The preoperative MAP showed a modest negative correlation with the rCBF in the striatum on Days 7-8 (r = -0.55). A modest negative correlation between preoperative rCBF and percent rCBF changes on Days 7-8 was also observed in the lateral prefrontal cortex (r = -0.43). A modest negative correlation between preoperative rCBF and percent rCBF changes on Days 1-2 (r = -0.47) was observed in the striatum.
Discussion
Combined direct and indirect revascularization surgery in MMD may improve hemodynamic compromise several months after surgery.
14 However, detrimental effects associated with the surgical procedures can interfere with postoperative management in the initial several weeks. 26 The current investigation of the process and effects of hyperperfusion and ischemia following combined direct and indirect revascularization sheds valuable light on both the theoretical and clinical understanding of this surgery, its prognosis, and its follow-up.
Additional blood flow through the direct anastomosis was mainly distributed in the basal ganglia immediately after the surgery. Approximately 1 week after surgery, the area of increased rCBF shifted to the lateral prefrontal cortex. Since chronic ischemia had existed before surgery, the modest increase of blood flow through the direct bypass probably induced an excessive increase in rCBF due to dysautoregulation. The indirect bypass procedure may also contribute to increased rCBF in the lateral prefrontal cortex. As hyperemia is frequently observed beneath subdural hematoma, 5 brain compression due to swollen mus- cles may induce hyperemia during the recovery process. Subdural clots, as well as swollen muscles, in contact with large areas of the cortex can directly affect rCBF and activate hyperglycolysis. 4 Furthermore, subclinical seizures can also increase rCBF and metabolism. Immediate postoperative ischemia was also detected, showing decreased rCBF in the lateral prefrontal cortex and occipital lobe contralateral to the revascularized hemisphere. Decreased rCBF was critical in the hemisphere contralateral to the surgery, as postoperative infarctions were observed in   FIG. 4 . Serial microstructural changes following revascularization surgery in adult MMD. Changes in diffusion tensor parametersfractional anisotropy (FA), axial diffusivity (AD), and radial diffusivity (RD)-were observed in template space (MNI152_T1_2 mm) available in FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Changes in FA were demonstrated in both coronal (z = -16, coordinates in MNI space) and axial images (y = 5, coordinates in MNI space), while changes in both AD and RD were demonstrated in axial images alone (y = 5, coordinates in MNI space). Reduced white matter integrity was pronounced in portions of the anterior and posterior limbs of the internal capsule as well as in the pyramidal tract. Decreased AD suggested axonal damage, whereas an increase in RD suggests interstitial edema as well as myelin degeneration.
both the prefrontal and posterior cerebral artery territories immediately after the combined direct and indirect bypass. 19 Decreased rCBF in the cerebellum contralateral to the surgery suggested crossed cerebellar diaschisis. 30 Interestingly, crossed cerebellar diaschisis, although not conspicuously observed on a patient-by-patient basis, was detected in the voxel-based analysis. 15 Revascularization surgery may transiently impair subcortical structures without demonstrating white matter lesions on conventional MRI. Changes in diffusion parameters were observed in the pyramidal tract and portions of the anterior limb of the internal capsule. The anterior limb of the internal capsule consists of the corticopontocerebellar pathway, which may be associated with the crossed cerebellar diaschisis found in the voxel-based analysis of rCBF.
11 None of the patients demonstrated motor weakness, and thus the transient reduction of white matter integrity in the posterior limb of the internal capsule remained asymptomatic.
The DTI parameters are sensitive to changes in the brain's microstructure associated with myelination, axonal membrane integrity, axon and glial density, and coherence of axonal orientation. 1 In general, decreased FA indicates a decline in the alignment of highly organized cellular structures (axons and myelin). 1 Observation of decreased FA suggests that white matter integrity decreased along the deep white matter tract. Increased RD occurs due to both myelin degeneration and increased extracellular fluid. 31 Increased extracellular fluid may be responsible for the reversible increase in RD within short periods of time. Decreased AD may be attributed to axonal impairment. 7 Although brain shifts or interstitial edema may change DTI parameters such as FA and RD in the first several days, the AD decreases were more pronounced on Days 3-8. Transient decreases in AD suggest secondary effects of cortical dysfunction, such as reduced axonal transport. 3, 6 A definition of cerebral hyperperfusion has not been established. 18, 37 In the present study, the immediate postsurgical increase in rCBF remained within 15% of baseline in the majority of the measurements. There was no clear threshold of the percent rCBF increase required to demonstrate neurological symptoms, which suggested that cortical dysfunction appeared in patients with modest increases in rCBF. In contrast, despite the modest increases in rCBF, gray matter swelling beyond the area of revascularization was observed in approximately half of the studied population, consistent with findings in a previous study. 13 Thus, modest increases in blood flow could produce breakthrough autoregulation in adult MMD. In such patients, transudation of fluid into the interstitial tissue may induce capillary dysfunction that affects oxygen delivery.
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Study Limitations
There were several limitations to this study. For one, the statistical power to detect group differences depends on the number of studied subjects. Although we were able to detect statistical differences in this study, the number of patients with TNDs was small (6 patients), and our conclusions will require validation using a much larger cohort of patients. In addition, although the rCBF increase was greater in patients with neurological symptoms, the difference was modest. Thus, increased rCBF alone may not be a primary causative factor for the symptomatic hyperperfusion. Furthermore, we cannot rule out the possibility that rCBF changes associated with TNDs may be at least partially due to worse presurgical states in this subset of patients, despite the fact that these patients did not differ in the clinical characteristics we examined.
There were also limitations inherent to the data acquisition methodology. For example, imaging studies were not performed perfectly in line with the initial protocol because some patients were unable to tolerate image acquisitions during the postoperative period. Region of interest-
FIG. 5.
Temporal profile of diffusion parameter alterations. Serial diffusion MRI revealed significant changes in the DTI parameters: FA, AD, and RD. Decreased FA and increased RD were observed on Days 1-2, whereas decreased AD was observed on Days 3-6. This suggests that combined direct and indirect bypass may predominantly impair integrity of white mater tracts for the first several days, probably due to distortion of the brain and interstitial edema. Decreased AD could be interpreted as reduced axonal flow secondary to lateral prefrontal hyperperfusion, which additionally appeared around postoperative Day 5. These changes in DTI parameters were normalized on postoperative Day 14.
based analysis was performed on a complementary basis and yielded consistent results with the voxel-based analysis regarding the temporal profile of rCBF. The range of rCBF increases was smaller than that of a previous study.
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This discrepancy may be attributed to the methods of defining ROIs. While the previous study delineated areas of increased rCBF, our study employed a standardized template. A broader range of rCBF values could be extracted from voxels and resulted in a smaller rCBF increase compared with the previous study. 18 However, the ROI in the lateral prefrontal cortex encircled areas of significant change in the rCBF mapping on Days 7-8. Therefore, we believe that the location and the size of the ROIs were less confounded by bias and were optimal. Additionally, postoperative hemorrhage was observed in 2 patients in the present study, with onset on postoperative Day 1 or 4. Because of the limited number of imaging studies prior to the onset of hemorrhage, a statistical comparison of imaging parameters was not possible between patients with hemorrhage and those without.
Moreover, in the present study, every patient received edaravone. Since free oxygen radical scavengers such as edaravone putatively contain increased permeability due to hyperperfusion, 27 the frequency of TNDs and the diffusion parameters may have been influenced by edaravone. However, the observed rCBF increase would not be critically influenced in the voxel-based statistical analysis since a bias toward a lesser impact of hyperperfusion may be expected.
There are some candidate drugs that can alleviate symptomatic hyperperfusion, such as minocyline and the free radical scavenger edaravone. 10, 36 The goal of our study was to identify a potential neuroimaging marker that could track tissue changes associated with hyperperfusion, by which the effect of drug intervention may be more objectively evaluated. The current results, despite the study's limitations, are promising and warrant further validation in a large cohort.
Conclusions
Perfusion characteristics and microstructural changes following revascularization surgery were analyzed on both a voxel and an ROI basis. A distinct topography of rCBF alterations was observed in each postoperative period. A decreased integrity of white matter was also demonstrated despite a normal appearance of the brain. Increases in rCBF and changes in diffusion parameters were associated with transient neurological deterioration. This latter association suggests that these tissue structural changes, once further validated in large-scale studies, may have utility as neuroimaging markers during the acute postoperative period following revascularization surgery, potentially enabling better management of hyperperfusion and ischemia associated with MMD. 
